. Whereas at least some of these defects could be attributed to veloped normally and did not show obvious abnormalities. Matings between these mice yielded homozygous the absence of Cdk6 expression in the affected cell types, it is unlikely that the lack of widespread proliferaCdk6 Ϫ/Ϫ lymphocytes in S phase reached maximum levels at 54 hr after treatment ( Figure 2C ). Similar results were obtained after stimulation with anti-CD3, concanavalin A, or PHA (data not shown). Induction of cyclin D3 expression and, to a lesser extent, cyclin D2 expression were also found to be delayed ( Figure 2D ). Finally, pRb phosphorylation, a marker of Cdk6 kinase activity, was delayed 10 to 14 hr, at least as determined by phosphorylation of Ser780, a residue thought to be specific for D-type cyclin-dependent Cdks ( Figure 2D of dead embryos increased with developmental stage. However, all of them were dead when observed a few hours after delivery. Whereas at E14.5, only 25% of the Cdk4 n/n ;Cdk6 Ϫ/Ϫ embryos were found dead, this percentage increased to Histological examination of these double null embryos and their corresponding placentas revealed that they 50% at E18.5. A few Cdk4 n/n ;Cdk6 Ϫ/Ϫ pups were born. were well formed and did not present significant abnornumber of red blood cells ( Figure 4B ). Moreover, these cells depicted a megaloblastic feature typically seen in malities, except for a consistent reduction in size (about 15% to 20%; Figures 3A-3D ). All tissues examined disanemia caused by impaired division of erythroid precursors ( Figure 4B ). These findings suggest that Cdk4 n/n ; played normal levels of Ki67-positive cells (not shown) and BrdU incorporation (Figures 3E-3H) . Similarly, these Cdk6 Ϫ/Ϫ embryos die during the late stages of embryonic development due to limited proliferation of erydouble knockout embryos had normal levels of apoptotic cells in all tissues examined ( Figures 3I and 3J) . throid progenitors. Interestingly, this phenotype is highly reminiscent of the profound anemia described in emHowever, starting at developmental stage E14.5, we consistently observed a percentage of dead embryos. bryos deficient for cyclin D2 and cyclin D3, the two D-type cyclins known to be expressed in hematopoietic E14.5 to E18.5 Cdk4 n/n ;Cdk6 Ϫ/Ϫ embryos had structurally aberrant livers that contained decreased levels (40 to cells (Ciemerych et al., 2002). To understand the origin of these hematopoietic ab-60%) of Ter119ϩ erythroid precursors (Figures 4Aa-4Ad ). This atrophy was associated with dilated and less normalities, we analyzed different hematopoietic stem cells (HSC) and progenitors in fetal livers. By E15.5, populated blood vessels. Moreover, less than 2% of these mutant erythroid progenitor cells (erythroblasts) Cdk4 n/n ;Cdk6 Ϫ/Ϫ livers display a significant reduction in cellularity (7.1 ϫ 10 6 cells versus 20-22 ϫ 10 6 cells in were in a proliferative stage whereas in wild-type or single mutant embryos, 20%-50% of their erythroblasts Cdk4 ϩ/ϩ ;Cdk6 Ϫ/Ϫ and wild-type livers). The relative levels of double mutant HSCs were not reduced although displayed mitotic figures and were positive for Ki67 (Figures 4Ae and 4Af) . We also observed occasional apotheir absolute numbers were decreased due to the lower cellularity of the mutant livers ( Figure 4C ). However, the ptotic figures in erythroblasts of Cdk4 levels expected from the decreased cellularity ( Figure  Cdk4 n/n ;Cdk6 Ϫ/Ϫ MEFs required a considerably longer time for cell doubling (72 versus 52 hr). Moreover, the 4C). Indeed, the absolute numbers of double mutant percentage of Cdk4 n/n ;Cdk6 Ϫ/Ϫ MEFs progressing through CLPs, CMPs, and GMPs were around 15% of those of S phase dropped from 28% at P2 to 14% at P4, a drop control livers. Accordingly, the numbers of more mature not observed in wild-type MEFs (39% versus 36%) (Fighematopoietic cells such as monocytes, macrophages, ure 5B). Finally, at P4-P5, a time when control cells were or lymphocytes were also reduced (data not shown).
still proliferating actively, double mutant MEFs begin to Surprisingly, the reduction of double mutant megakaryodisplay features of senescent cells. Yet, all Cdk4 n/n ; cyte-erythroid progenitors (MEP) was less severe (about Cdk6 Ϫ/Ϫ MEFs became immortalized upon continuous 40% of controls). Whether this is due to a feedback passage in culture following a classical 3T3 protocol. mechanism that favors the formation of these intermediFor reasons unknown to us, the timing at which these ate precursors in an attempt to compensate for the anecultures became immortal varied significantly from emmia observed in these double mutant embryos remains bryo to embryo. In addition, Cdk4 n/n ;Cdk6 Ϫ/Ϫ MEFs were to be determined. Finally, a dramatic defect in the prolifalso able to proliferate in low serum conditions (2%-5% erative potential of all these precursors was observed fetal calf serum) and respond to mitogenic stimuli inusing fetal liver cell preparations for functional colduced by addition of EGF and IGF-1. However, the rate ony formation assays in methylcellulose. The number of proliferation was consistently lower than that obof colony-forming units for granulocytes, macrophages, served in control cultures (data not shown). These obmixed granulocytes/macrophages, and mixed granuloservations, taken together, indicate that D-type cyclincytes/macrophages/erythrocytes/megakaryocytes was dependent kinases are required but not essential for severely reduced in Cdk4 n/n ;Cdk6 Ϫ/Ϫ livers (less than 5% proliferation of embryonic fibroblasts. of controls), whereas the number of erythroid burstSince Cdk4 and Cdk6 complexes have been proposed forming units was about 10% of control livers.
to be the major sensors for integrating mitogenic signaling during exit from quiescence, we analyzed the reMEFs Cycle and Exit Quiescence sponse of quiescent Cdk4 n/n ;Cdk6 Ϫ/Ϫ MEFs to serum without Cdk4 and Cdk6 stimulation. As illustrated in Figure 5C , serum-starved Early passage Cdk4 , and p27 Kip1 inhibitors. These observations could be due to decreased protein stability or to a feedback phosphorylated pRb but not histone H1, a phosphorylation pattern characteristic of D-type cyclin/Cdk4 and mechanism that reduces the overall levels of cell cycle inhibitors in the absence of Cdk4 and Cdk6. To distinCdk6 complexes. As expected, control Cdk2 immunoprecipitates phosphorylated both pRb and histone H1 guish between these two possibilities, we analyzed the levels of p21 Cip1 and p27 Kip1 bound to Cdk2. As illustrated onic development and display normal cell proliferation and apoptosis in most cell types. Instead, the main dein Figure 7C , Cdk2 immunoprecipitates contained the fects observed in these double mutant embryos are limsame levels of these inhibitors as in control MEFs, sugited to the compromised maturation of different hematogesting that the differences observed in their overall poietic lineages and severely reduced numbers (about levels are due to the fraction bound to Cdk4 and Cdk6, 15% of normal levels) of circulating red blood cells. which is missing in these double mutant cells.
These defects, which lead to severe anemic conditions, Finally, we investigated whether Cdk4 n/n ;Cdk6 Ϫ/Ϫ cells are most likely to be responsible for the death of these were still sensitive to the inhibitory properties of p16 
